Two antigenic systems of the woodchuck hepatitis virus have been identified. The relationship between viral antigens of the woodchuck hepatitis virus and the human hepatitis B virus was determined by using immunoprecipitation, hemagglutination, and immune electron microscopy techniques. Antigens found on the cores of the two viruses were cross-reactive. Lack of cross-reactivity between the surface antigens of the two viruses in immunodiffusion experiments suggested that the major antigenic determinants of the viral surfaces are different; however, results of passive hemagglutination tests indicated that there are common minor determinants. Nucleic acid homology, as measured by liquid hybridization, was found to be 3 to 5% of the viral genomes. The results of this study provide further evidence that woodchuck hepatitis virus is the second member of a new class of viruses represented by human hepatitis B virus. Since virus-infected woodchucks may acquire chronic hepatitis and hepatocellular carcinoma, these antigens and their respective antibodies will be useful markers for following the course of virus infection in investigations of the oncogenic potential of this class of viruses. The nucleocapsid antigen described may be a class-specific antigen of these viruses and, thus, may be useful in discovering new members of the group.
The properties of human hepatitis B virus (HBV) distinguish it from any known class of DNA-containing viruses. It was recently suggested that a woodchuck hepatitis virus (WHV), found in Marmota monax, is a second member of this novel class of viruses (15) . HBV and WHV have the following characteristics in common: (i) infection with either virus results in the accumulation in the blood of large amounts of excess viral coat protein in the form of spherical and tubular particles 20 to 25 nm in diameter (3, 15) ; (ii) 40-to 50-nm-diameter particles (6, 15) containing a small, partially single-stranded, circular DNA (12, 14, 15) and a DNA polymerase (DNA nucleotidyltransferase) (8, 15) may also be found in the blood and are thought to be the complete virions; and (iii) both viruses are associated with chronic hepatitis and hepatocellular carcinoma (4, 15, 16) .
There are two principle antigenic systems of HBV. Determinants called hepatitis B surface antigen (HBsAg) are found both on the surface of the virus particles and also on the 20-to 25-nm particles (3, 6) . Antibody to these determinants is designated anti-HBs. Nucleocapsid cores, 27 nm in diameter, can be isolated from viral particles or from infected livers. These cores possess an immunologically distinct antigen, hepatitis B core antigen (HBcAg) (1) , and antibody to this determinant is termed antiHBc.
We have identified the analogous antigenic systems associated with the 20-to 25-nm parti- Preparation of viral cores from livers. Viral cores were isolated from a liver obtained at autopsy from a kidney transplant patient who had been treated with immunosuppressive drugs (10) and from the liver of an infected woodchuck. The livers were minced in isotonic saline, homogenized in a Dounce homogenizer or Waring blender, and centrifuged for 5 min at 5,000 rpm in a Sorvall HS-4 rotor. The supernatant containing cores was either used as a crude antigen preparation or subjected to further purification. In the latter case, the crude antigen preparation was layered over a 25-ml 10 to 20% sucrose gradient containing 1 M NaCl and centrifuged at 4°C for 12 h at 27,000 rpm in a Beckman SW27 rotor. The pellet was suspended by sonication in 1 Purification of HBV and WHV. HBV and WHV were purified from virus-positive sera by identical procedures. Serum (27 ml) was layered over a 10-ml gradient of 10 to 20% sucrose containing 10 mM Trishydrochloride (pH 7.5), 10 mM EDTA, and 1 M NaCl. Viral particles were pelleted by centrifugation for 15 h at 27,000 rpm at 40C in a Beckman SW27 rotor. The pellets were suspended by sonication in 1 ml of 1 M NaCl, the suspension was layered over a second 10 to 20% sucrose gradient (volume of 4.0 ml), and the virus was pelleted by centrifugation at 50,000 rpm for 3 Preparation of WHsAg-and HBsAg-coated SRBC. Coated SRBC were prepared by a modification of a method described by Boyden (5) . SRBC (Colorado Serum Co., Denver, Colo.) were washed four times with 50 volumes of PBS and resuspended in PBS to form a 10% suspension. The SRBC (0.5 ml) were added to 0.2 ml of a solution of 0.1% tannic acid in PBS and incubated for 15 min at 37°C. The cells were then washed twice with 0.5 ml of PBS, resuspended in 0.1 ml of PBS, and mixed with CsCl gradient-purified woodchuck hepatitis surface antigen (WHsAg) or HBsAg/ayw (120,tg in 0.050 ml of PBS).
After 30 min at 22°C, the cells were collected by centrifugation and suspended in 0.1 ml of PBS containing 0.25% glutaraldehyde. After 5 min at 00C, 5 ml of PBS containing 0.25% glutaraldehyde was added, and the coated SRBC were allowed to fix overnight at 4°C. The fixed cells were washed once with 5 ml of PBS containing 10 mg of crystalline bovine serum albumin per ml and resuspended in a final volume of 5 ml of PBS and 10 mg of bovine serum albumin per ml. Aliquots (0.1 ml) were stored at -70°C and diluted to 1.5 to 2.0 ml before use. Mild sonication in a sonicating water bath was required to disperse the cells completely after thawing. SRBC from the same lot were treated in an identical procedure, except that no antigen was added, and were used as controls for non-viral specific agglutination.
Assay for hemagglutinating activity. Fourfold serial dilutions of sera to be assayed for hemagglutinating activity were prepared in TAP buffer (PBS containing 0.005% Tween 80, 5 mg of bovine serum albumin per ml, and 0.0025% polyvinyl pyrrolidone) (17) in a final volume of 30 ,ul in a V-bottom microtiter plate. Antigen-coated SRBC (20 ll) were added to each well, and the plates were incubated at 220C. After 1 h, the cells were pelleted by centrifugation at 1,000 x g for 1 min, and agglutination was scored after tilting the plate at an angle of 60°from the horizontal. One hemagglutinating unit was that amount of antiserum required to agglutinate 20 ML of a 0.05% antigen-coated SRBC suspension in the assay described.
Assay for hemagglutination inhibition. Samples were assayed for their ability to inhibit agglutination of antigen-coated SRBC by a limiting dilution of antiserum. Two to four hemagglutinating units of antiserum in 25 p1 of TAP buffer was mixed with fourfold serial dilutions of antigen (30 tL) in a microtiter plate and incubated at 370C. After 2 h, 20 pl of antigen-coated SRBC, diluted as described, was added to each well, and the plates were incubated an additional 1 h at 220C before scoring agglutination. All samples were tested concurrently for their ability to agglutinate uncoated SRBC.
Preparation of 32P-cores. An endogenous DNA polymerase reaction was carried out directly on gradient fractions of CsCl-purified WHV or HBV (0.05 ml) by the addition of 10 mM Tris-hydrochloride (pH on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from ml. After 2 h at 37°C, the reactions were added to 1.0 ml of CsCl solution (p = 1.31 g/cm3), overlaid with silicone oil, and centrifuged at 50,000 rpm for 12 to 15 h at 4°C in a Beckman SW56 rotor. Fractions were collected, and small portions (1 ,ll) were assayed for acid-precipitable radioactivity (see Fig. 2 ). The radioactive cores banding at a density of 1.34 g/cm3 were stored at 4°C.
Preparation of WHV or HBV DNA. Purified WHV or HBV in CsCl gradient fractions was precipitated by the addition of 2 volumes of ethanol. The precipitate was washed once with 95% ethanol, dried, and dissolved in 0.1 ml of 10 mM Tris-hydrochloride (pH 7.5)-10 mM EDTA-0.2% sodium dodecyl sulfate-500 ,ug of pronase per ml. After 2 h at 37°C, the DNA was extracted with 0.1 ml of phenol-chloroform (1:1), adjusted to 0.1 M with NaCl, and precipitated with 2 volumes of ethanol. The invisible precipitate was dissolved in a small volume of water and stored at -20°C. DNA concentrations were determined by the ability of a small portion of the sample (after denaturation) to serve as a template for Escherichia coli DNA polymerase I (14) .
Autoradiography. Precipitin lines in ID experiments with purified 32P-labeled cores (approximately 2,000 cpm per well) mixed with unlabeled carrier cores were visualized by autoradiography. After overnight incubation at room temperature, the ID slides were flooded with distilled water and overlaid with filter paper for drying. They were then placed face down on X-ray film (Cronex 4, Dupont, Wilmington, Del.), which was exposed overnight before developing. Electron microscopy. Sera pelleted by centrifugation and fractions of CsCl gradients were examined by negative staining with uranyl acetate on collodion films. Immune electron microscopy was performed by mixing purified viral cores with immune or normal IgG (30 to 300 ,g/ml, final concentration). After 10 min at 37°C, the cores were applied to collodion films, negatively stained with 2% uranyl acetate, and examined by electron microscopy.
Electron microscopy of immune precipitin lines. Precipitin lines were formed by ID or CEP between homogenates of infected liver and serum or IgG with antibody activity. The agarose slides were washed with frequent changes of PBS, and, to identify the reacting components, individual precipitin bands were sampled by removing a plug with a Pasteur pipette. The plug was placed in a small glass tube with 10 pi of 3 M sodium thiocyanate, broken up into small pieces with a pipette, and sonicated, and a sample was put on a grid and stained with 2% uranyl acetate for examination by electron microscopy.
RESULTS
WHsAg. Serum from a woodchuck in the colony at the Penrose Research Laboratory was found to react specifically by ID and CEP with sera from WHV-infected animals. The reactivity was found in the IgG fraction eluted with 0.01 M phosphate buffer, pH 6.5, from DEAE-Sephadex (data not presented). Precipitin bands formed with sera from infected woodchucks were extracted and examined by electron microscopy.
Numerous aggregates of 20-to 25-nm spherical particles with occasional tubular forms were seen (Fig. 1 ). Since these particles resemble in both morphology and density (15) a Serum from a woodchuck in the colony at the Penrose Research Laboratory.
b Serum containing antibodies to the HBsAg groupspecific determinant a, from a hemophilia patient who had received multiple transfusions.
-, Not reactive. Sera containing WHsAg or HBsAg/ayw were centrifuged to equilibrium in a CsCl density gradient, fractions were collected, and the surface antigen peaks were located by hemagglutination inhibition activity (Fig. 2, closed symbols ). Each fraction was tested for its ability to inhibit hemagglutination in each of the crossreacting systems. It was found that only those fractions containing the surface antigen particles had inhibiting activity. Furthermore, these fractions were capable of inhibiting the cross-reactions of cells coated with either surface antigen (Fig. 2, open symbols) . These findings are consistent with the cross-reacting determinants being present on the surface antigen particles used to coat the cells. In addition, antibodies participating in the cross-reaction seem to be directed against determinants present on the homologous surface antigen particles. Thus, it appears that a minor fraction (0.1 to 1%) of the antibody activity against WHsAg or HBsAg is directed against determinants shared by both surface antigens.
WHcAg. Antigens present on the nucleocapsid cores of the two viruses were compared. Cores were prepared from two sources in each case. (Fig. 3) , whereas a second radioactive peak occasionally appeared at a lower and variable density (see Fig. 3A ). The second peak was found in some preparations from both WHV and HBV and was not used in these studies. The peak at 1.34 g/cm3 was examined by electron microscopy and found to consist exclusively of cores. WHV-infected woodchucks were found to carry an antibody which reacted with these cores. Immune electron microscopy with cores purified from WHV particles and IgG isolated from the serum of an infected woodchuck showed specifically aggregated cores decorated with antibody. Three examples of such immune aggregates are shown in Fig. 4 (B, C and D) . IgG from the serum of an uninfected woodchuck showed no reaction with WHV cores by immune electron microscopy (Fig. 4) . By analogy to HBV, we have called this nucleocapsid antigen woodchuck hepatitis core antigen (WHcAg) and the corresponding antibody anti-WHc.
Cores to be used for immunoprecipitation reactions were prepared from the liver of a WHVinfected woodchuck and from the liver of an immunosuppressed kidney transplant patient infected with HBV. Crude core antigen preparations were found to react with both anti-WHc and anti-HBc (from a chronic carrier of HBV) by CEP and ID (Table 3 ). The precipitin lines from the CEP reactions were extracted and examined by electron microscopy. The precipitin lines were found to consist of immune complexes and decorated cores (Fig. 5B, C , E, and F), whereas unreacted CsCl-purified cores isolated from liver were free of antibody.
CsCl-purified HBV or WHV cores isolated from infected livers were found to react with IgG fractions prepared from both anti-WHc positive and anti-HBc positive sera by ID. When small 10 :.5 U Ch AiR~~~~~~~~~~~~~~~14 amounts of 32P-labeled cores derived from intact virus were mixed with cores isolated from liver, radioactivity was found in the visible precipitin line (Fig. 6 ). This fmding demonstrates not only that HBV and WHV cores have common antigenic determinants but also that these are found on the surfaces of cores isolated from both infected liver and purified virus.
CsCl-purified HBV or WHV cores isolated from infected livers were used to test for antigenic identity by ID as described by Ouchterlony (11) (Fig. 7) . Lines of partial identity were formed when IgG with either anti-HBc or antiWHc reactivity was tested against both core preparations. In each case, the lines in the homologous system were stronger and spurred over the line formed with the heterologous cores.
Nucleic acid homology. Nucleic acid homology between WHV and HBV was measured by liquid hybridization. 32P-labeled probe was prepared by in vitro replication of each denatured viral DNA with Escherichia coli DNA polymerase I as previously described (14) . The products of the DNA polymerase reactions were subjected to electrophoresis through a 1.5% agarose slab gel, and bands were located by autoradiography. A densitometer tracing of the autoradiograms is shown in Fig. 8 . Both radioactive products contained a discrete component repre- senting the in vitro replicated complete strand, as well as a smaller component heterogenous in size derived from the incomplete strand, as previously described for HBV DNA (14) . The discrete component, which presumably contained all of the HBV or WHV genome sequences, was used as a probe for investigating homology between the genomes.
The ability of unlabeled purified WHV, HBV, or bovine DNAs to accelerate the annealing of these two probes is shown in Fig. 9 . As seen in panel A, WHV DNA showed an ability to accel- jig of E. coli DNA polymerase I, in a final volume of 0.01 ml. After 40 min of incubation at 15'C, the reactions were stopped by the addition of0.1% sodium dodecyl sulfate and applied to a 1.5% agarose slab gel. After electrophoresis the bands were located by autoradiography of the wet gel. The figure is a densitometry tracing of the autoradiogram of (A) WHV and (B) HBV32P-labeled DNAs. The areas of the gel spanned by the solid bars (see figure) were excised, and each was placed in a dialysis bag for electroelution.
ated by the presence of unlabeled HBV DNA. Under these conditions, therefore, nucleic acid homology between WHV and HBV is limited to a region consisting of 3 to 5% of the viral genomes, or 100 to 150 base pairs. The high degree of cross-reactivity seen between the core antigen systems is not seen between the surface antigen systems. The lack of cross-reactivity in ID and CEP tests, as well as the results of the hemagglutination assays, indicates that it is unlikely that WHV shares the group-specific determinant "a" with HBV; at least, this determinant must not be a major determinant of WHsAg. Similarity between the surface constituents is suggested by the finding that in both HBV and WHV surface antigen systems, the precipitin lines are selectively stained by orcein (B. G. Werner, unpublished data). The cross-reacting determinants are present on particles from WHV-or HBV-infected serum which band at the same density as particles carrying the major surface antigen determinants. The data do not rule out that crossreacting determinants might be present on a second class of particles banding at the same density.
DISCUSSION
The CsCl gradient fractions that inhibit the cross-reactions do so at dilutions equal to or greater than those required to inhibit agglutination by a homologous antiserum. This finding suggests that the shared determinants, even though they are less immunogenic, are present in amounts comparable to that of the major viral specific determinants.
A small region (100 to 150 base pairs) of strong nucleic homology was detected by liquid hybridization. Since duplexes of less than 100 base pairs are not likely to be readily detected under the hybridization and assay conditions used, it seems likely that this homology represents one or two regions of nearly identical nucleotide sequence. In support of this conclusion, preliminary studies indicate that the homology is located within a restriction fragment representing about 60% of the WHV genome (data not presented). The degree of nucleic acid homology found (3 to 5% of the genomes) is on the order of that detected among papovaviruses. Approximately 5% homology has been reported between simian virus 40 and polyoma virus by heteroduplex analysis (7), and 11 to 12% has been reported between simian virus 40 and BK virus by liquid hybridization (9) .
Antigenic cross-reactivity between HBV and WHV is consistent with the finding of nucleic acid homology. At this time, however, it is not clear that the homologous regions in the respective DNAs code for the cross-reacting determinants described in this report. The antigenic and nucleic acid similarities provide further evidence of phylogenetic relatedness between HBV and WHV and support the conclusion that both viruses belong to a novel class of DNA-containing viruses. The antigenic determinants described will be useful markers for following the course of WHV infection and its postulated role in the on October 27, 2017 by guest http://jvi.asm.org/ Downloaded from development of chronic hepatitis and hepatocellular carcinoma in woodchucks and should increase the potential value of this system as a model for studying the relationship of HBV to human liver cancer.
